Typeset with jpsj2.cls <ver.l.2> 



Full Paper 



in 
o 
o 

(N 

> 
O 

o 



I 

o 



> 

o 
o 
o 



I 

o 
o 



X 



Redistribution of Electronic Charges in Spin-Peierls State in (TMTTF)2AsF6 

Observed by NMR 

Shigeki Fujiyama * , Toshikazu Nakamura 

Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan 

We report ^^C NMR spectra and nuclear spin lattice relaxation rate l/Ti for a quasi-one- 
dimensional quarter-filled organic material (TMTTF)2 AsFs, which undergoes charge ordering 
(Tco = 102 K) and spin-Peierls phase transitions (Tsp — 14 K). The ratio of two l/Ti for 
the charge accepting and donating TMTTF sites which grows from Tco finally saturates in 
approaching Tgp, indicating one spin correlation function even in the charge ordered state. 
Below Tsp, however, the doubly split NMR lines from inequivalently charged molecules merge 
into one line, originated from the variation in charge densities. This shows that a rearrangement 
of the charge configuration occurs at Tsp. 

KEYWORDS: charge ordering, spin-Peierls transition, organic conductor, NIVIR 



1. Introduction 

There has been considerable interest in correlated elec- 
trons in low dimensional systems. There, interplay be- 
tween spin, charge, and lattice degrees of freedom be- 
comes relevant to the macroscopic physical properties, 
resulting in various electronic states. Recent develop- 
ments on inorganic materials such as high-Tc cuprates 
or manganites have revealed that electronic states can 
be highly inhomogeneous due to the complex interplay 
among these degrees of freedom. 

Organic charge transfer salts (CTS) also provide model 
systems of strongly correlated low dimensional elec- 
trons. Recent experimental and theoretical developments 
on the organic conductors have revealed that in some 
compounds the electronic charges on individual cation 
molecules are varied (ordered), namely, inhomogeneous 
electronic states are realized.^ Observations of anomalous 
dielectric relaxation, superstructures by X-ray diffrac- 
tion (XRD), and shifts of Raman frequencies originating 
from the vibration of variedly charged molecules have 
indicated such inhomogeneous electronic states. Al- 
though recent theoretical developments have revealed 
that Coulomb repulsion among the electronic charges 
is indispensable to the charge ordering, various order- 
ings have been proposed such as 2fci7-spin density wave 
(SDW), 2fci.-charge density wave (CDW), 4A:i.-CDW, 
and also the varieties of their coexistences.^""^* 

It is well recognized that NMR technique has played 
a key role in elucidating the electronic states of organic 
conductors since the hyperfine field is proportional to 
the spin density of each nucleus. By this reason, NMR 
on the ^'^C labeled CTS is much more sensitive to the 
change of the electronic properties than that on since 
the spin densities on the central carbons in organic CTS 
is richer. In fact, several NMR measurements have so 
far revealed the occurrence of charge ordering in organic 
conductors. A line splitting of the "'^^C NMR spectra in 
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the semiconducting temperature range was first demon- 
strated for a powder sample of quasi-onc-dimensional 
(QID) system, (DI-DCNQI)2Ag that shows imbalanced 
charged molecules. "'^^ For quasi-two-dimensional organic 
conductors, an anomalous line broadening originating 
from one carbon site and the corresponding differenti- 
ation in l/Ti were reported for a single crystal of 9- 
(BEDT-TTF)2RbZn(SCN)4.2° These two studies clearly 
shows the charge ordering from the microscopic point of 
view. 

Charge ordering has also been indicated in members 
in the family of (TMTCF)2X (C = Se, S), also known as 
the Bechgaard salts and their sulphur analogues. Their 
physical properties have been extensively studied so far 
because the materials realize various ground states by 
modifying chalcogens (C) and/or anions (X).'^^ In ad- 
dition to the chemical pressure effect that is controlled 
by the substitution of C or X, it is well established that 
physically applied pressure can easily change the elec- 
tronic state of this series of materials. Their macroscopic 
electronic properties are summarized in a pressure (P) 
vs. temperature (T) phase diagram. In this phase di- 
agram the ground state varies as spin-Peierls state, an- 
tiferromagnet, SDW, and superconductivity, from low-P 
side to high-P side. The electronic properties are exten- 
sively investigated theoretically as well, based on models 
for quarter-filled QID electronic systems. ^* 

The charge ordering in TMTTF CTS was first in- 
dicated for the members that have antiferromagnetic 
ground states. The dependence of the ^H-NMR spec- 
tra on the direction of external magnetic fields for 
(TMTTF)2Br and (TMTTF)2SCN suggests that nodes 
of spin density exist on the TMTTF molecules. A 
theoretical proposal including intersite repulsive inter- 
action suggests an (up-O-down-0) magnetic structure as 
their ground state^'^ and a recent ^'^C NMR study by the 
present authors on (TMTTF)2SCN confirms the charge 
ordering with this charge (spin) configuration.^^ 

In the P-T phase diagram, (TMTTF)2AsF6 and 
(TMTTF) PFg are located at the low-F end which in- 
dicates the narrowest bandwidth. The resistivities for 
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both materials have minima at about 200 K, and the 
ground states are known to be spin-Peierls state. ^^'^^ 
The charge disproportionation in the TMTTF CTS was 
clearly demonstrated for the first time in these two ma- 
terials by the spectral and 1/Ti studies of ^'^C NMR in 
the paramagnetic state. In Refs. 30 and 31, two dis- 
tinct lines in the ^'^C NMR spectra appear to split with 
roughly equal intensities below about 100 K. Correspond- 
ingly, two 1/Ti appear due to the existence of unequal 
charge densities. It is argued that l/Ti for the charge 
accepting and donating sites show different temperature 
dependences, and moreover, l/Ti for the charge rich sites 
becomes independent of temperature between 40 K and 
80 K indicating one dimensional "magnetic" correlations 
among spin 1/2's realized at the charge accepting sites. It 
is also found that under hydrostatic pressure, the phase 
transition temperature to the charge ordered state (Icq) 
steeply decreases against pressure, and Tco vanishes at 
pressure as low as 0.15 GPa. It is proposed that the 
low temperature electronic state at ambient pressure is 
a coexistence of the charge ordered and the spin-Peierls 
states, which is fragile under pressure. 

In this paper, we demonstrate results of the frequency 
shifts and nuclear spin lattice relaxation rate l/Ti for 
the 13 C labeled (TMTTF)2AsF6 from room temperature 
down to 2 K. Below 102 K, the splitting of the NMR 
spectra and the appearance of two 1/Ti with different 
temperature dependences evidence the charge ordering, 
which are consistent with the previously reported data 
in Refs. 30 and 31. We have successfully measured the 
ratio of l/Ti of the charge accepting and donating sites 
down to the lowest temperature, for the first time, and 
pursued the development of the charge ordering. This 
ratio, suggesting the ratio in the charge densities to be 
2:1, finally saturates in approaching Tgp in contrast to 
the previous data above 30 K,'^^ which reveals only one 
spin correlation function even in the charge ordered state. 
However, at Tsp the line splitting disappears, which we 
argue to originate from the variation in charge densities. 
This shows a strong suppression of charge ordering or a 
redistribution of charge densities due to the phase tran- 
sition from the charge ordered paramagnetic state to the 
spin-Peierls state. This reveals a qualitative difference 
from the proposed phase diagram based on high-field 
NMR measurements where the low temperature elec- 
tronic state is translated from spin-Peierls state to the 
incommensurate SDW state. We argue possible origin to 
resolve the discrepancy and propose the electron-lattice 
coupling as the key interaction to suppress the charge 
ordering. 

2. Experiments 

A rectangular needle-like single crystal of 
(TMTTF)2AsF6 in which the two central carbon 
sites on the TMTTF molecules are labeled with ^^C was 
prepared by standard electrochemical oxidation method. 

The uniform susceptibility (x) of our sample linearly 
decreases from 6x10"'* [emu/mol] at 300 K to 3.7x10^'' 
[emu/mol] at 20 K. However the x shows a strong drop 
at 14 K and the electronic state undergoes a spin-Peierls 
state. 



The NMR measurements were performed by using a 
standard pulsed NMR spectrometer operated at about 
87.1 MHz with the bandwidth of 300 kHz for a single 
crystal. The spectra were obtained by the Fourier trans- 
formation (FT) of the spin echo refocused by applying 
7r/2 and tt rf-pulscs with the time interval of 20/iS. The 
nuclear recovery data were obtained by integrating the 
intensities of distinct lines of the spectra in the frequency 
domain by saturation recovery method. The 1/Ti were 
defined by fitting them to a single exponential formula. 

3. Paramagnetic State 

3.1 Angular dependence of the spectra for the present 
experimental setting 

The ^^C NMR spectra and nuclear relaxation shown 
in the following are obtained by applying rf-field along 
the needle direction that is nearly perpendicular to the 
TMTTF molecular planes. 

We show here the angular dependence of peak frequen- 
cies of the spectra under rotation of magnetic fields in the 
b-c plane. In this condition, the magnetic field is always 
applied along the molecular planes. There are two in- 
equivalent ^^C sites in the unit cell, and two lines are 
doubly split originating from nuclear dipolar interaction 
as shown in Fig. 1 (a) . The sources of the angular depen- 
dence of the midpoints of the peak frequencies shown as 
dashed lines arc the Knight (spin) shift (Kg) and chem- 
ical shift (cr). One can find small angular dependence of 
the midpoints of which amplitudes are less than 20 [ppm] , 
although sinusoidal angular dependence (3cos^ 6—1) are 
expected for both the spin and chemical shifts. This small 
angular dependence of Kg -\- a prevents from estimation 
of spin densities on carbon sites by plotting spin shifts 
against uniform susceptibility {K-x plot). 
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Fig. 1. (Color Online) Angular dependence of the peak positions 
of the NMR spectra rotated in the b-c plane at 240 K (a) and 5 
K{b). 
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The electronic state of (TMTTF)2AsF6 below 12 K is 
known to be the spin-Peierls state as mentioned above, 
so the spin shift is negligible in Fig. 1 (b). Therefore, 
the sources for the angular dependence of the spectra 
at 5 K should be the anisotropy in the chemical shifts 
and that in the nuclear dipolar interaction. In Fig. 1 (b), 
the contribution from the nuclear dipolar interaction is 
indicated as vertical arrows, which have the same angu- 
lar dependence as those in the paramagnetic state. The 
angular dependence of the chemical shift is therefore ob- 
tained by plotting the midpoints between the two peaks, 
as shown as the dashed line in Fig. 1 (b). 

This angular dependence can be ascribed to the in- 
plane anisotropy of the chemical shifts of the TMTTF 
molecules. The anisotropy of the chemical shift for 
TMTTF molecule can be speculated from that for 
BEDT-TTF molecule, since the local bonds connected 
to the central carbons in the TMTTF and BEDT-TTF 
molecules are similar to each other. For BEDT-TTF it 
is reported as (-24, 88, -64) [ppm], where z axis is de- 
fined as the direction perpendicular to the plane of the 
BEDT-TTF molecule, axis is defined as the long 

(short) axis parallel to the molecular plane. Our obser- 
vation of the angular dependence of the chemical shifts 
that shows in-plane anisotropy of 110 [ppm] as shown 
in Fig. 1 (b) shows good agreement with the reported 
anisotropy for BEDT-TTF molecule. 

The small angular dependence of + cr at 240 K in- 
dicates that the spin shifts and the chemical shifts have 
similar amplitudes of the in-plane anisotropy with oppo- 
site signs. As for the anisotropy of the spin shifts, it is es- 
timated as (-225, -290, 515) [ppm] for (TMTTF)2Br, that 
shows no phase transition above 14 K, from K-x plot 
analysis. ■^^ This estimation includes —225— (—290) = 65 
[ppm] in-plane anisotropy, that has similar amplitudes 
and opposite signs to that of the chemical shifts, which 
is consistent with above arguments. 

In this section, we argued considerable reduction of 
the spin shift {Ks) by the chemical shift when apply- 
ing external field normal to the molecular stacking axis, 
which prevents from the estimation of spin densities on 
central carbons on TMTTF molecules by the frequency 
shifts. An estimation of spin densities on molecules from 
the spin shifts by rotating external fields along c axis is 
given in the Appendix. 

3.2 Line splitting of the spectra 

The two ^^C sites in the TMTTF molecule are crystal- 
lographically inequivalent in the crystal, which are the 
inner and the outer carbons from the inversion center. 
When external magnetic field is applied along the magic 
angle where doubly split lines due to the nuclear dipo- 
lar interaction overlaps, we obtain "'^^C NMR spectra as 
shown in Fig. 2 composed of two distinct lines, A and B, 
at 200 K. Each distinct line split into two peaks below 
102 K, that is consistent with the reported data discussed 
to be the evidence for the charge ordering. In Fig. 3, 
we plot the temperature dependences of the peak posi- 
tions from the shift origin defined as the peak frequency 
at the lowest temperature. Each line above 102 K sym- 
metrically splits at Tco, so that the averaged frequency 



Author Name 3 

of the two (four) peaks of the spectra plotted as solid line 
is unchanged at this temperature. This shows that the 
total spin density is conserved at Tco- The line splitting 
takes place between 102 K and 95 K. Below 95 K, four 
peaks are nearly independent of temperature. 
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Fig. 2. The ^^C NMR spectra at various temperatures. We label 
distinct lines as lines A and B from the peak at the highest 
frequency above 102 K, and as Al, A2, Bl, and B2 between 15 
K and 102 K. 
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Fig. 3. The peak positions of the spectra. We define the peak 
position of the spectra at 2.5 K as the origin. The solid line is 
the averaged frequency of two (four) peak positions. 
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3.3 Nuclear spin lattice relaxation in the paramagnetic 

state 

The nuclear spin lattice relaxation rate, 1/Ti for the 
distinct lines are shown in Fig. 4. The 1/Ti for line 
A [l/T^) and that for line B (l/Tf) both increase 
with temperature in a parallel manner above Tqo in a 
logarithmic scale. The l/Ti at site n is expressed as, 

= ^ E„ "F^iq)^x"iq,^L)/oJL, where 7„ is the 
gyromagnetic ratio of carbon, (q) is the q dependent 
hyperfine coupling constant at site n, %" is the imaginary 
part of the dynamic susceptibility, and is the Lar- 
mor frequency. Thus, the only difference between 
and 1/Tf is ascribed to that of "F±{q). Here F±{q) is 
expected to have little q dependence in organic conduc- 
tors, therefore exclusively depends on the spin density at 
the nucleus. Since l/T^ appears twice as large as 
above Tqq , we conclude that line A {B) in the frequency 
domain is due to the inner (outer) carbon site in the 
TMTTF molecule since the spin density on the inner 
carbon is estimated to be about 1.4 times as that on the 
outer one.^^'^^ 
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Fig. 4. l/Ti for distinct lines. The ratios 7^^^i(si)/y>l2(S2) 
the charge ordered state are plotted in the inset. 



Below Too, while i/T^-^if-^i) ^^^^ ^jrj.^ .^^^^ 
(outer) carbon in the charge donating molecules) de- 
creases upon cooling, ij'];'^'^^^'^) (that for the charge ac- 
cepting molecules) first increase and then turn to de- 
crease. This fact evidences that the line splitting of the 
NMR spectra at 102 K at least originates from the dif- 
ference of charge (spin) densities since the dominating 
source to the nuclear relaxation process here is expected 
to be the spin correlation function. It should be men- 
tioned that the charge disproportionation takes place 
gradually from 102 K to about 60 K, although the line 
splitting occurs within a narrow temperature range of 5 
K. This difference indicates that the contribution of the 
chemical shift to the frequency shift is larger than that 
of the spin shift at Tqo- 

The previously reported 1 /T\ for the charge accepting 



sites (l/rj*^^^^^ in this paper) is nearly independent of 
temperature between 80 K and 40 K argued to be due 
to low-dimensional "magnetic" correlations among spin 
1/2's realized by the charge ordering. In the present 
study, however, ]^^2Y^2(-B2) (j^^j^j-Qg^g^g fj-Qjj^ gg K to 20 K 
in a nearly parallel manner in a logarithmic scale to that 
for the charge donating sites. 

We plot the ratio ^^-41(31)^^,^2(52) .^^^^ 

Fig. 4. The ratio shows rapid growth just below Tqo 
but finally saturates in approaching Tsp, showing the 
development of charge ordering. Therefore, we conclude 
that both the charge accepting and donating carbons 
follow one spin correlation function, x"(g,a;), and that 
the charge ordering discussed here seems to open a 
(pseudo) gap in Fijq) that is proportional to charge 
densities on the charge accepting and donating sites. 
Since both the charge accepting and donating sites 
follow the same correlation function, the ratio equals 
(^(^)2Fj_(5)/^(S)iFj_(g))2. Assuming that F^{q) is ex- 
clusively proportional to the charge density, it is derived 
that the ratio of the charge densities is about 2:1. 

4. Spin-Peierls State 

Here we focus on the electronic state in the vicinity and 
below the spin-Peierls phase transition, as summarized in 
Figs. 5 and 6. As shown in Fig. 5 (a), the strong cusp 
at 14 K for the averaged frequency (solid line) and the 
pronounced loss of spin density below this temperature 
shows the phase transition to the spin singlet ground 
state. 

It is noteworthy that only two distinct lines are visible 

in the NMR spectra below Tgp. If the charge ordering 
have survived in the spin-Peierls state upon cooling, four 
lines would be observed with monotonous decrease of the 
interval frequency between the two lines originated from 
charge accepting and donating carbons. 

In Fig. 5 (b), we plot the difference between each peak 
positions and the averaged frequency denoted as the solid 
line in Fig. 5 (a), (Aw = |i/res,i - j^^t^i^resA I ^o) ■ Here, 

^res ■'■S 

the peak frequency of the spectra and z/q is the 

Larmor frequency. Even in the paramagnetic state, while 
two Aw for the charge rich sites slightly decrease two Aw 
for the charge poor sites increase from 20 K to 14 K. The 
fact that Aw at 12.5 K is about the averaged value of the 
four Aw at 14 K excludes the possibility that the merging 
of the distinct lines is originated from loss of the total 
spin density across the spin-Peierls transition. 

Likewise, 1/Ti for the charge donating and accepting 
sites merge into an intermediate value in between the 
separated values at 14 K as shown in Fig. 6. This sug- 
gests that two inequivalently charged molecules below 
Tqo again merge at Tsp. 1/Ti below Tsp well follows an 
activated temperature dependence (1/Ti oc exp(— A/T)) 
as shown in Fig. 6, and yields A=43 K as the activation 
energy. 

In addition to the spin contribution to our observa- 
tions, the chemical shift that is originated from the mo- 
tion of electrons on the molecular orbitals is reported 
to be affected by charge ordering. The lowest tempera- 
ture NMR spectra for 6'-(BEDT-TTF)2RbZn(SCN)4 
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Fig. 5. (a) The peak positions in the vicinity and below Tsp. (b) 
The gaps between the peak positions and the averaged frequency 
denoted shown as the solid line in (a). The dashed line shows the 
spin contribution to Auj. 



that has spin-singlet ground state have two distinct peaks 
with the spHtting of 80 ppm. Since the chemical shift is 
expected to be unchanged through the spin-Peierls tran- 
sition, the only source of the line splitting is the differ- 
entiation in the chemical shift caused by inequivalently 
charged molecules. Therefore, again, our observation of 
only one peak in the NMR spectra at the lowest temper- 
ature indicates the absence or the strong suppression of 
the charge ordering in this material. 
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Fig. 6. 1/Ti for the distinct lines below 30 K. The dashed line 
shows the activated temperature dependence with A = 43 K. 



5. Discussion 

We have confirmed charge ordering by the doubly split 
NMR spectra and corresponding differentiation in 1/Ti 
as shown in Sec. 3 below 102 K. This is consistent with 
the previously reported results of ^^C NMR on this mate- 
rial above 30 K.'^^ Reference 31 argues a possible scenario 
that one-dimensional "magnetic" correlation among spin 
1/2 realized at the charge accepting molecules leads to 
the spin-Peierls transition, based on their results of 1/Ti 
that becomes independent of temperature between 40 K 
and 80 K. This argument naturally leads to a coexistence 
of charge ordered and spin-Peierls states that is theoret- 
ically reproduced based on a one-dimensional Hubbard 
model with lattice distortions.'^^ They also proposed a 
P-T phase diagram including a coexistence of charge or- 
dered and spin-Peierls state below 17 K and 0.15 GPa. 
This coexistence is indicated by the NMR spectra with 
ledges for (TMTTF)2PF6 under high magnetic fields 
where low temperature spin-Peierls state is suppressed 
and incommensurate SDW state is stabilized. 

In contrast to the arguments in Ref. 31, the merging 
of the split spectra shown in Sec. 3.2 reveals a disappear- 
ance or a strong suppression of the charge ordering below 
Tsp- Since the averaged frequency of two peaks in the 
spectra shows considerable shifts above 5 K originated 
from thermally excited magnons across the spin gap even 
in the spin-Peierls state, the charge ordering should have 
been observed also in the present experiments. These ob- 
servations seems to exclude the simple scenario that the 
development of spin singlet correlation among spin 1/2 's 
that are located at the molecular positions provokes the 
spin-Peierls transition. In other words, the spin-Peierls 
instability predominantly induces the spin correlation be- 
tween the charge accepting and donating molecules and 
reduces charge ordering. In addition, the fact that both 
1/Ti for the charge accepting and donating molecules 
decrease in a parallel manner in approaching TsPj indi- 
cating only one spin correlation function, is consistent 
with above arguments. 

Theoretically, it is widely accepted that the Coulomb 
repulsion among the electrons stabilizes the charge or- 
dered state in a quarter-filled QID electronic system. In 
particular, the interplay between charge ordering and lat- 
tice instability can realize various patterns of charge or- 
dering. The stable charge configurations are CDW 
or BOW (bond-order wave) with Akp (or 2/ci?) period- 
icity including their coexistences. Of these, it is pointed 
out that the charge modulations of which antinodes are 
located in between two molecular sites such as BOW or 
BCDW (CDW with bond ordering) do not require signif- 
icant charge disproportionation on the molecules. ^^"^^ 
Our observations of the suppression of charge order- 
ing with Akp periodicity across the spin-Peierls transi- 
tion may be caused by considerable electron-lattice cou- 
pling. However, at the present stage, we can not conclude 
whether the charge ordering is suppressed or whether 
other charge configuration than Akp-CUW becomes sta- 
bilized in the spin-Peierls state, because charge ordering 
is not a necessary condition for spin-Peierls transition 
as indicated by DCNQI based organic conductor which 
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is other example of QID quarter- filled system. In this 
system, although (DI-DCNQI)2Ag which goes into an- 
tiferromagnetic state shows charge ordering transition 
well above T/v, (DMe-DCNQI)2Ag which undergoes spin- 
Peierls transition shows no charge ordering. In this ma- 
terial, the antiferromagnetic correlation which causes the 
spin-Peierls state with 2kF periodicity is considered to be 
that among the spin 1/2 realized by dimerized molecules 
without charge ordering ("dimer Mott insulator" ).^^'^'^ 
As the charge configuration or the spin correlation, this 
"dimer Mott" type mechanism toward the spin-Peierls 
state can not be excluded. 

As the origin of the redistribution of charge densities 
at Tsp, we can cite two possibilities which focus on elec- 
tronic origin only and the coupling between the electronic 
correlation and lattice degree of freedom. One is a com- 
petitive interplay between two patterns for the charge or- 
dering which would suppress the charge ordering. While 
the Akp periodicity which is stabilized by Coulomb re- 
pulsions, the spin-Peierls state has 2kF modulation. The 
tetramization of the molecules can vary the charge con- 
figuration, and particularly induce charge transfers be- 
tween two dimerized molecules. The other argument fo- 
cuses on an interplay between the electronic correla- 
tion and lattice instabilities. The variation in the lattice 
parameters due to the spin-Peierls transition vary the 
charge transfers or Coulomb repulsion, that can reduce 
on-site type (CDW type) charge ordering. 

The repulsive interplay between charge ordering and 
spin-Peierls instability is also argued based on the topol- 
ogy of P-T phase diagram in Ref. 31. The charge or- 
dering in this material is so fragile that charge or- 
dered paramagnetic state vanishes under a pressure as 
low as 0.15 GPa, indicating considerable competitive ef- 
fect of lattice instability against the electronic corre- 
lations. Our observations of the merging of the NMR 
spectra and nuclear relaxation also shows a competi- 
tive interplay between electronic instabilities toward two 
phase transitions. However, the fact that the suppres- 
sion/redistribution of charge ordering scorns to occur in 
a first order transition as indicated in Fig. 5 and 6 sug- 
gests that rather the electron-lattice coupling than the 
spin-singlct c;orrc;lation is the key interaction for the re- 
distribution of charge configurations. 

6. Conclusion 

We demonstrate the frequency shifts and 1/Ti of 
central ^^C sites for the quarter-filled QID material 
(TMTTF)2AsF6 from the room temperature to 2 K. The 
split of the distinct lines of the NMR spectra and the ap- 
pearance of two 1/Ti which show different temperature 
dependences below 102 K evidence the charge ordering. 
The ratio of two 1/Ti for the charge accepting and donat- 
ing sites which grows from Tqo in lowering temperature 
and finally saturates in approaching Tsp suggests the de- 
velopment of charge ordering. This shows that there ex- 
ists only one spin correlation function even in the charge 
ordered state and the ratio of charge ordering is 2:1. 

In the vicinity or below the spin-Peierls transition, 
however, the split lines of the NMR spectra again merge 
by a charge origin. This shows a strong suppression of 



the charge ordering or a redistribution of ordered charge 
densities at the spin-Peierls transition. 
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Appendix: Angular Dependence of the Spectra 
along the a-b Plane 

As we discuss in Sec. 3.1, the frequency shift is reduced 
because the chemical shift and the spin shift have oppo- 
site signs when the external fields are rotated in the b-c 
plane since the TMTTF molecules are stacked along the 
a axis. Therefore, this experimental condition prevents 
a precise estimation of the hyperfine coupling tensor for 
i^C in TMTTF CTS. 

In this Appendix, we demonstrate the orientation de- 
pendence of the frequency shifts where the field direction 
is rotated from H \\ a to H \\ b. In approaching the a- 
axis (molecular stacking axis), the spin contribution to 
the frequency shift is expected to be larger because the 
external fields becomes closer to perpendicular to the 
molecular plane. 

We plot the peak positions of the NMR spectra in 
Fig. A-1. At 5 K, two lines are observed with a parallel 
gap along the rotation axis, which is due to the constant 
angle between the magnetic field and C-C doubled bond 
in the TMTTF molecule. The only source for the angular 
dependence is that of the chemical shift. At 240 K, we 
plot only two peaks out of four peaks that are located at 
the highest and lowest frequencies. Remaining two peaks 
stems from the nuclear dipolar interaction, which show 
parallel curves with two solid lines. At 50 K in the charge 
ordered state, we also plot two peaks in the highly com- 
plicated spectra. Here, 8 peaks are visible at most, that 
is consistent with the charge ordering as shown in Sec. 
3.2. 

We summarize in Table A-1 the fitted parameters of 
the peak positions in Fig. A-1 to the uniaxial func- 
tion Uobs = CTiso + crax(l - 3 COS^ (/>) -|- Ki^o + - 

3cos^^). Here fobs is the observed frequency, criso(a-ax) 
is the isotropic (anisotropic) part of the chemical shift, 
and Kiso{Ks,x) is the isotropic (anisotropic) part of the 
Knight shift, respectively. We defined the shift origin as 
the isotropic part of the chemical shift. 

The obtained spin contributions to the frequency shifts 
are more than 3 times as large as those in the b-c plane, 
therefore we can estimate the ratio of the charge den- 
sities in the charge ordered state by the splitting of the 
NMR spectra. Since we can consider that the ratio of the 
spin densities for outer and inner carbons in the same 
molecule is unchanged across the charge ordering, the 
spectra at 50 K as shown in Fig. A-1 are located be- 
tween the distinct lines stemmed from the outer carbon 
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Fig. A-1. Angular dependence of the frequency shifts along the 
a-b plane at (a) 240 K, (b) 50 K, and (c) 5 K. At 240 (50) K, we 
plot only two peak positions although 4 (8) lines are observed. 
See the text. 



Table A-1. Fitted parameters for the angular dependence of the 
peak frequencies of the NMR spectra for Fig. A l. The shift 
origin is defined by the isotropic component of the chemical shift. 
The unit is ppm. 

isotropic anisotropic 
a -56.7 

68.8 302.5 
284.2 410.2 



in the charge donating molecule and inner carbon in the 
charge accepting molecule. By comparing the angular de- 
pendence of the spectra at 50 K and 240 K, we obtain 
the ratio as {KlJKl^{50K))/{KlJKl^i2A0K)) = 2.2. 
This value is consistent with the estimation by 1/Ti in 
Sec. 3.3. 
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